The Dot/Icm system of Legionella pneumophila triggers activation of caspase-3 during early stages of infection of human macrophages, but apoptosis is delayed until late stages of infection.
Introduction
The ability of L. pneumophila to cause pneumonia is dependent on its capacity to invade and replicate within alveolar macrophages, monocytes, and potentially alveolar epithelial cells (3, 38, 43) . Upon entry into the host cell, L pneumophila modulates biogenesis of the phagosome into a replicative niche that is halted from maturation through the "default" endosomal-lysosomal degradation pathway (17, 32, 42, 44) . The L.
pneumophila-containing phagosome (LCP) intercepts early secretory vesicles from the endoplasmic reticulum exit sites, which allows the organism to remodel the LCP membrane to become RER-derived within minutes of its biogenesis from the plasma membrane (16, 18, 39, 41) . Upon activation of human macrophages by IFN-, the LCP fuses to the lysosomes and fails to be remodeled by the RER (33) . In contrast to L. pneumophila, recent studies have shown that L. longbeachae is trafficked to, and replicates within, a non-acidified late endosome like phagosome that is remodeled by the RER (5) . The Dot/Icm type IV secretion system of L. pneumophila is essential for evasion of endocytic fusion and for remodeling of the LCP into a rough endoplasmic reticulum (RER)-derived compartment (16, 18, 32, 35, 39, 41, 42, 44) . These manipulations of host cell processes during early stages are thought to be mediated by the injection of effectors by the Dot/Icm transporter directly from the bacterium into the host cell (8, 28) . During late stages of infection of human macrophages and Acanthamoeba polyphaga, the bacteria escape into the host cell cytosol where they reside for 2-6 hours prior to lysis of the host cell plasma membrane (24).
In addition to evasion of vesicle traffic by L. pneumophila during early stages of infection, the bacterium also induces Dot/Icm-dependent activation of caspase-3 in
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on August 29, 2017 by guest http://iai.asm.org/ Downloaded from human macrophages (12-14, 25, 27, 49) . There are at least 14 caspases (cysteine proteases) that trigger the activation of two distinct apoptosis signaling pathways designated the extrinsic and intrinsic pathways that converge on the activation of caspase-3, which is the executioner of rapid apoptosis (30, 36) . Interestingly, the Dot/Icmmediated activation of caspase-3 by L. pneumophila in human macrophages during early stages of infection seems to be novel, since it is independent of the extrinsic and intrinsic pathways of apoptosis (25). Interestingly, despite the robust activation of caspase-3 during early and exponential replication of L. pneumophila within human macrophages, apoptosis is not triggered until termination of intracellular replication (2, 25) , which is a novel modulation of caspase-3 activity that halts it from rapid dismantling of the cell.
Recent data have shows that the delay in apoptosis of L. pneumophila-infected human macrophages is associated with induction of strong Dot/Icm-dependent anti-apoptotic signals that are mediated by NF-B and non-NF-B signaling mechanisms (1, 20) .
Among inbred mice strains, the A/J strain is the only one susceptible to L. pneumophila infection, while all the other strains are relatively resistant (46) (47) (48) . This genetic susceptibility is attributed to a polymorphism in the gene encoding the neuronal apoptosis inhibitory protein (naip5) (11, 45) . The naip family of genes are evolutionary conserved from viruses to humans and some encode proteins that possess anti-apoptotic activity, due to inhibition of caspase-3 and caspase-7 (10, 21). However, caspase-3 is not required for the infection of mice macrophages by L. pneumophila (26, 31), which is distinct from human macrophages (25). In mice macrophages that are non-permissive for intracellular proliferation of L. pneumophila, the bacterial flagellin (FlaA) triggers caspase-1-medaited pro-inflammatory rapid cell death/pyropoptosis (26, 31). The 
Materials and Methods

Animals, bacteria and macrophages
Female pathogen-free A/J and BALB/c mice, 8 to 9 weeks of age, were used in all experiments. Mice were housed in specific pathogen-free conditions within the animal care facility. The virulent clinical isolate of L. pneumophila strain AA100 and its isogenic dotA mutant (GL10) have been described previously (49) . The wild type F. tularensis subsp. novicida strain U112 has also been described previously (19). The bacteria were maintained frozen at -80°C and, prior to use, were grown on buffered charcoal yeast extract agar for 72h. The plates for gfp-transformed AA100 or its isogenic dotA mutant were supplemented with 5 g/ml chloramphenicol. After cultivation, bacteria were washed by centrifugation and resuspended in sterile saline.
To prepare mBMDM (mouse bone marrow derived macrophages), bone marrow was isolated from healthy A/J or BALB/c mice and were prepared as described previously (26). To prepare hMDMs, peripheral blood monocytes were isolated from healthy volunteers with no history of Tularemia or Legionnaires' disease and hMDMs were prepared as we described previously (33) . The age of volunteers was 25-45 years old with no history of pneumonia or any underlying chronic disease.
Inoculation of animals
Mice were inoculated intratracheally (i.t.), as we described previously (4, 23, 29) .
Briefly, the mice were anesthetized by intraperitoneal (i.p.) injection of ketamine (2.5 mg/mouse). A total of 50 l of the L. pneumophila suspension (10 6 cfu) in sterile water was inoculated directly into the trachea using a 26-gauge needle followed by 10 to 20 l 
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Quantitation of L. pneumophila in pulmonary tissues of mice
At different time points after inoculation of bacteria, the mice were humanely sacrificed. The lungs were aseptically excised, finely minced, and homogenized in a tissue homogenizer with 5 ml of sterile distilled water. The number of cfu of L.
pneumophila AA100 or dotA mutant strain in the lungs was determined by the plate dilution method using BCYE agar. After 3 days of incubation at 37°C the colonies were enumerated and the results were expressed as the number of cfu per lungs.
Pulmonary histopathology
The histological changes and apoptosis in the lungs of A/J and BALB/c mice in response to L. pneumophila were assessed by light and confocal microscopy. At 2, 24 and 48h after inoculation, the mice were humanely sacrificed using CO 2 asphyxiation.
Before lung removal, the pulmonary vasculature was perfused with 10 ml of saline containing 5mM EDTA, via the right ventricle. The excised lungs were inflated and fixed in 10% neutral formalin for 24 h, dehydrated, and embedded in paraffin. Sections were cut and stained with eosin and hematoxylin (EH) for analyses of infiltration process in the lungs of infected mice. In addition, sections (5 µm) were cut and labeling of apoptotic cells was carried out using terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) using an in situ cell death detection kit, as 
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Transmission Electron Microscopy
For examination of apoptosis in the lungs of A/J mice by transmission electron microscopy, mice lungs were removed and placed in 2.5% gluteraldehyde, as described previously (24) . Briefly, lungs were post fixed by immersion in 2% osmium tetroxide in 0.1 M sodium Sorenson's buffer for 1 h, followed by dehydration in acetone and infiltration and embedding in Epon 12 epoxy resin (24). Ultrathin sections (0.1 µm) were then cut, stained with uranyl acetate and lead citrate, and examined in Philips transmission electron microscope (Philips, Morgagni 268D, Netherlands) at 80 kV.
Caspase activation and TUNEL assays
To assess activation of caspase-1 and caspase-3 by confocal microscopy, 2. 
Statistical analyses
All experiments have been performed at least three times and the data shown are representative of one experiment. Statistical Analyses were performed using student twotail Student t-test. (Fig. 3) . The cells infected by F.
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tularensis exhibited time-dependent activation of caspase-1 (Fig. 3) .
We examined the kinetics of activation of caspase-3 in upon infection In contrast, Fig. S1 ). Inflammatory infiltration was first evident in lung tissue from L. pneumophila AA100 infected A/J mice at 24h after infection, and became more severe by 48h post-infection ( Supplementary Fig. S2 ).
However, there was no detectable inflammatory infiltration in the lungs of A/J mice infected with the dotA mutant or BALB/c mice infected with L. pneumophila AA100 at any time points after infection ( Supplementary Fig. S3 ).
We examined by in situ cell analyses the kinetics of apoptosis in the lung tissue of A/J and BALB/c mice infected with L. pneumophila AA100 and the dotA mutant by laser scanning confocal microscopy. As a positive control, we used DNase-treated sections of lung tissue. As negative controls, we used DNase-untreated sections and lung tissue sections of uninfected mice inoculated with saline (Fig. 4) . Any nuclei stained black by TUNEL were considered apoptotic, regardless of intensity of the staining.
At 2h after infection of A/J mice with L. pneumophila AA100 no apoptotic cells were detected in the lung tissue of infected mice (Fig. 4) . However, at 24-48h after infection large numbers of pulmonary cells were apoptotic (Fig. 4) . At all time intervals
on August 29, 2017 by guest http://iai.asm.org/ Downloaded from examined, there was no detectable pulmonary apoptosis in the dotA mutant-infected mice (Fig. 5 ). In addition, L. pneumophila AA00 did not trigger pulmonary apoptosis in BALB/c mice at any time point (2, 24, and 48h) after infection (Fig. 6 ).
We used TEM to examine the apoptotic process in the lungs of A/J mice infected with the wild type strain of L. pneumophila or the dotA mutant. At 2h after infection, most of the cells revealed normal morphology (Fig. 7) . At 24 and 48h typical morphological features of programmed cell death could be detected, including condensed nuclear chromatin and apoptotic bodies (Fig. 7) . In contrast, in the lungs of A/J mice infected with the dotA mutant, condensation of chromatin was rarely seen (Fig. 8) , which was similar to uninfected lung tissue (Fig. 8) . We conclude that L. pneumophila triggers Dot/Icm-dependent pulmonary apoptosis in permissive A/J mice by 24-48h postinfection. Taken together, the Dot/Icm transport system plays an essential role in intracellular replication and induction of pulmonary apoptosis and inflammation during experimental Legionnaires' disease in genetically-susceptible but not resistant mice. During late phases of the infection of mouse macrophages by L. pneumophila, the bacterial phagosome becomes acidified, and fuses to lysosomes during mid-late exponential replication, and the bacteria continue to proliferate in the acidic phagolysosomes (34, 37) . In contrast, in human macrophages, the LCP does not fuse to the lysosomes throughout the intracellular infection (6, 7, 34) , but the bacteria disrupt the phagosome and escape into the cytosol where they finish the last few rounds of proliferation (24) Although caspase-3 is activated, caspase-1 is not triggered throughout the infection of hMDMs and A/J mouse macrophages. Pre-treatment of A/J mouse macrophages or hMDMs with the caspase-3 inhibitor blocks apoptosis, while the caspase-1 inhibitor has no effect on apoptosis, consistent with the lack of caspase-1 activation and the robust activation of caspase-3. Thus, apoptosis during late stages of the infection is independent of caspase-1.
Taken together, it is more likely that apoptosis detected during late stages of infection of human and A/J mouse macrophages in vitro and in pulmonary cells of mice is mediated by caspsase-3 (see model in Fig. 9 ). However, our data may not exclude additional apoptotic processes. 
